Dysfunction of central dopaminergic neurotransmission has been associated with the development and maintenance of excessive alcohol consumption (Cloninger 1987; Wise 1988; Robinson and Berridge 1993) . In animal experiments, ethanol consumption induces dopamine (DA) release in the mesolimbic reward system and may thus reinforce alcohol intake (Mereu et al. 1984; Imperato and Di Chiara 1986) . Chronic alcohol consumption has been associated with increased dopamine turnover rate in humans (Heinz et al. 1996a) and with decreased dopamine receptors and transporters in non-human primates (Mash et al. 1996) .
Dysfunction of central dopaminergic neurotransmission has been associated with the development and maintenance of excessive alcohol consumption (Cloninger 1987; Wise 1988; Robinson and Berridge 1993) . In animal experiments, ethanol consumption induces dopamine (DA) release in the mesolimbic reward system and may thus reinforce alcohol intake (Mereu et al. 1984; Imperato and Di Chiara 1986) . Chronic alcohol consumption has been associated with increased dopamine turnover rate in humans (Heinz et al. 1996a) and with decreased dopamine receptors and transporters in non-human primates (Mash et al. 1996) .
Among alcoholics, a reduction in dopamine transporter (DAT) availability has been observed only in late-onset (type I) alcoholics (Tiihonen et al. 1995) . The reasons for the reported selective reduction of dopamine transporters in late-onset alcoholics are unclear. They may include genetic and non-genetic factors such as the neurobiological correlates of personality or the effects of chronic alcohol intake (Cloninger 1995; Goldman 1995a,b) . Vandenbergh et al. (1992) have identified a polymorphism of the 3 Ј untranslated region of the DAT gene (SLC6A3) that has been associated with se-verity of withdrawal among alcoholics (Sander et al. 1997; Schmidt et al. 1998) . The same polymorphism has also been associated with attention deficit hyperactivity disorder (ADHD) in children (Cook et al. 1995) and with the severity of ADHD symptoms (Waldman et al. 1998) . Furthermore, Gelernter et al. (1994) observed a significant association of this polymorphism with paranoia induced by cocaine, a potent DAT blocker, and Sabol et al. (1999) recently reported an association of this polymorphism with ease of smoking cessation. Because each of these clinical associations could conceivably be explained by genetically determined variations in synaptic dopamine, we examined the relationship of this polymorphism to variations in the availability of the DAT protein. The variable number of tandem repeat (VNTR) polymorphism in the 3 Ј region of SLC6A3 was genotyped and the availability of striatal DAT protein was measured in abstinent alcoholics and control subjects. Single photon emission computed tomography (SPECT) with the radioligand [I-123]-2 ␤ -carbomethoxy-3 ␤ -(4-iodophenyl)tropane ([I-123] ␤ -CIT) was used to determine the effective binding potential, a quantitative measure of DAT availability (Laruelle et al. 1994) .
METHODS

Subjects
Fourteen abstinent alcoholics (three females and 11 males) and eleven age-matched control subjects (four females and seven males) participated in this study. All subjects provided written informed consent for this study under protocols approved by the Institutional Review Boards of the Intramural Research Programs of the National Institute on Alcohol Abuse and Alcoholism (NIAAA) or the National Institute of Mental Health (NIMH). All alcohol-dependent patients (mean age: 37 Ϯ 7 years) fulfilled criteria for alcohol dependence according to DSM-IV criteria (American Psychiatric Association 1992).
Exclusion criteria were current drug abuse (a positive urine drug screen) or a past history of drug dependence other than alcoholism, serious head trauma, Korsakoff's syndrome, or the presence of psychiatric (axis I diagnoses; SCID I) (Spitzer et al. 1990a ) and neurological diseases unrelated to alcoholism. An extended version of the Michigan Alcohol Screening Tool (Selzer 1971; Fils-Aime et al. 1996) was used to assess prior substance abuse and relatives of the patients were contacted to verify the patients' statements. All patients were abstinent during an inpatient stay in the Intramural Research Program of the NIAAA. Two patients were long-term abstinent alcoholics; in all other patients, SPECT scans were acquired after three to five weeks of supervised abstinence (random breath testing) to avoid confounding effects of alcohol withdrawal on monoamine neurotransmission (Rossetti et al. 1992; Heinz et al. 1995 Heinz et al. , 1996b Volkow et al. 1996; Laine et al. 1999) . Healthy control subjects (mean age: 34 Ϯ 11 years) did not meet criteria for any axis I diagnosis or personality disorder (SCID I and SCID II) (Spitzer et al. 1990a,b) , had no alcohol-dependent first-degree relatives, and no history of drug or alcohol abuse.
[I-123] ␤ -CIT SPECT Procedure
On the day prior to SPECT scanning, and for three subsequent days, subjects received five drops of Lugol's solution orally to reduce uptake of radioactive iodine into the thyroid. [I-123] ␤ -CIT has been shown to bind with high affinity to dopamine transporters (Farde et al. 1994; Seibyl et al. 1994; Tiihonen et al. 1995) in the striatum where radioactive uptake is specifically displaced by ligands binding to dopamine uptake sites . Preparation of [I-123] ␤ -CIT has been described previously . Each subject received a dose of 222-259 MBq (6-7 mCi) of [I-123] ␤ -CIT. The concentration of free [I-123] ␤ -CIT in blood plasma was assayed by thin layer chromatography of concentrated ultrafiltrates (30 kDa cutoff) (Jones et al. 1997) . A 60-minute SPECT scan was acquired 21 hours after injection, when binding at the striatal dopamine transporter is in equilibrium with free [I-123] ␤ -CIT in blood plasma (Laruelle et al. 1994) .
SPECT data were acquired using a CERASPECT (Digital Scintigraphics, Waltham, MA) gamma camera with a high-resolution (7.5 mm FWHM) collimator in 120-projection step-and-shoot mode. The photopeak (145-175 keV) and two windows used for scatter correction (127-145 keV and 175-191 keV) were acquired. Reconstruction by backprojection with a tenth-order Butterworth filter (1 cm cutoff) generated an isotropic volume (1.67 mm voxels) of 64 128 x 128 transverse slices. The SPECT camera was calibrated prior to each scan session by imaging a 1 liter uniform flood phantom with a radioactivity concentration similar to that observed in brain (165 nCi/ml at 21 hours after injection).
To avoid problems associated with multiple statistical tests on this relatively small sample, only two regions of interest (ROIs) were selected for analysis on the basis of the a priori hypothesis that DAT genotype may differentially influence striatal DAT availability in vivo. These ROIs encompassed caudate and putamen in the striatum, areas rich in dopamine transporters with reliably measurable [I-123] ␤ -CIT binding. Individual regions of interest were drawn for each subject based on MRI scans that were coregistered with the SPECT scans as previously described (Heinz et al. 1998) .
Caudate and putamen ROIs were drawn at a midthalamic level; cerebellar ROIs were drawn at the level of the pons. ROIs were measured in five consecutive slices forming a volume of interest (VOI) and the average counts per minute per ml in each VOI was tabulated and corrected for decay. Subtraction of the cerebellum measurement corrected for nonspecific binding. The effective binding potential (BP Ј ϭ B avail /K d ) was determined as the ratio of the specific binding to the free [I-123] ␤ -CIT concentration in plasma, which may be assumed to be equal to the free synaptic concentration of radioligand (Laruelle et al. 1994 ).
DNA Analyses
The 3 Ј VNTR polymorphism of SLC6A3, the human DAT gene, was genotyped in 17 abstinent alcoholics (five females and 12 males) and 12 control subjects (four females and eight males). Four subjects (three alcoholics and one control) were included for whom [I-123] ␤ -CIT SPECT data were unavailable. Genomic DNA was extracted from anticoagulant treated venous blood samples by using a salting-out method (Miller et al. 1988) .
DNA amplification by polymerase chain reaction (PCR) of the 40-base pair repeat to detect the 9-repeat and 10-repeat alleles was performed as described elsewhere (Sano et al. 1993 ). The PCR products were separated by 10% polyacrylamide gel electrophoresis, silver stained, and fragment sized by comparison with molecular weight standards.
Statistical Analyses
Statistical analyses were performed using Statistica for Windows, Version 5.1 (StatSoft, Inc., Tulsa, OK; 1998). Due to the relatively small sample sizes and the unequal cell sizes in the analysis of these preliminary data, the impact of DAT genotype and alcoholism on DAT availability in caudate and putamen were assessed with separate Student's t-tests. Genotype frequencies were compared using the chi-squared test. Correlations were assessed with Pearson's linear correlation coefficients.
RESULTS
Only the two most prevalent 3 Ј VNTR genotypes, the 9-repeat/10-repeat heterozygous (9-10) and 10-repeat/ 10-repeat homozygous (10-10) genotypes, were observed in the DAT genes of this sample of subjects. Although 9-repeat/9-repeat homozygous individuals were not observed, frequencies of the 9-repeat and 10-repeat alleles, 23% and 77%, respectively (Table 1 , are similar to those observed by Vandenbergh et al. (1992) (24% and 70%, respectively), and did not differ significantly between alcoholics and controls. Moreover, genotype frequencies did not significantly differ from the HardyWeinberg equilibrium either in the overall sample or in alcoholics and controls separately (Table 1 ). This absence of association between DAT genotype and alcoholism, per se, is consistent with previously published results (Parsian and Zhang 1997; Franke et al. 1999) . DAT availability also did not differ significantly between alcoholics and controls in either putamen (t ϭ 0.80, df ϭ 23, p ϭ .43) or caudate (t ϭ 1.15, df ϭ 23, p ϭ .26), consistent with our earlier report on exclusively male subjects (Heinz et al. 1998) .
A significant relationship of DAT gene 3 Ј VNTR genotype to DAT availability in putamen was observed (t ϭ 2.14, df ϭ 23, p Ͻ .05), with 9-repeat/10-repeat heterozygous individuals exhibiting a mean 22% lower effective binding potential (mean Ϯ s.d. ϭ 2226 Ϯ 635) than 10-repeat homozygous individuals (2840 Ϯ 743) (Figure 1 ). The genetic effect in caudate, however, was not significant, though in the same direction (9-10 ϭ 2399 Ϯ 750, 10-10 ϭ 2895 Ϯ 724; t ϭ 1.66, df ϭ 23, p ϭ .11). A power analysis reveals that a sample size of 24 subjects of each genotype (48 subjects in all) would be required to have 90% power to observe a significant effect in caudate based on these data.
To explore the possibility that the observed association between DAT genotype and in vivo DAT availability was the result of extraneous non-genetic factors, several potentially confounding measures were subjected 12 (10) 41% (40%) 8 (7) 44% (50%) 4 (3) 33% (27%) 9-9 0 0% 0% 0% 0 0% Expected 10-10 16.1 (13.9) 55% 9.4 (7.8) 55% 6.7 (6.1) 55% 9-10 11.0 (9.5) 38% 6.5 (5.3) 38% 4.6 (4.2) 38% 9-9 1.9 (1.6) 7% 1.1 (0.9) 7% 0. to post hoc analysis. Mean age did not differ significantly between the two genotype-groups (9-10 ϭ 39.0 Ϯ 10.5 yr, 10-10 ϭ 35.1 Ϯ 10.4 yr; t ϭ 0.92, df ϭ 23, p ϭ .37). No significant correlation between age and DAT availability in putamen was found in either the sample as a whole ( N ϭ 25, r ϭ Ϫ 0.25, p ϭ .22) or separately in each genotype-group (9-10: N ϭ 10, r ϭ Ϫ0.55, p ϭ .10; 10-10: N ϭ 15, r ϭ 0.003, p ϭ .99). All subjects were rated for anhedonia, apathy, and affective flattening with the aid of the Scale for the Assessment of Negative Symptoms (SANS) (Andreasen 1982) . None of the SANS measures differed significantly between genotype-groups (all df ϭ 23; anhedonia: t ϭ 0.77, p ϭ0.45; apathy: t ϭ 1.62, p ϭ .12; affective flattening: t ϭ 0.23, p ϭ .82). Neither did any of the SANS ratings correlate significantly with striatal DAT availability for the sample as a whole or for either genotype-group separately (all ͉r͉ Ͻ 0.35, p Ͼ .33). Ratings of occupational status and education were assessed using the Hollingshead Four Factor Index of Social Skills (Hollingshead 1973) in 24 subjects (9-10: N ϭ 9, 10-10: N ϭ 15); there were no significant differences between genotype-groups (both df ϭ 22, occupation: t ϭ 0.57, p ϭ .58; education: t ϭ 0.26, p ϭ .79) and no significant correlations with striatal DAT availability either overall or within-group (all ͉r͉ Ͻ 0.32, p Ͼ 0.21).
Impulsivity ratings from the Impulse Nonconformity Scale (Chapman et al. 1984) were available for 23 subjects (9-10: N ϭ 10, 10-10: N ϭ 13); these too revealed no significant differences between genotypegroups (t ϭ 0.85, df ϭ 21, p ϭ .41) and no significant correlations with striatal DAT availability either overall or within-group (all ͉r͉ Ͻ 0.27, p Ͼ .45). Likewise, anxiety ratings from the State-Trait Anxiety Inventory (Spielberger et al. 1970 ) and depression ratings from both the Beck Depression Inventory (Beck et al. 1961 ) and the Hamilton Depression Rating Scale (Hamilton 1960) were available for a subset of 12 subjects (9-10: N ϭ 8, 10-10: N ϭ 4) and no significant genotype-group differences or correlations arose. Also, in pre-study screening, clinical interviews and medical examinations revealed no differences that might suggest reduced DAT availability among the 9-repeat/10-repeat heterozygous group relative to the 10-repeat homozygous group. Thus, none of the potentially confounding measures considered accounted for the significant difference in in vivo DAT availability in putamen, which appears to be a consequence of DAT genotype, per se.
DISCUSSION
This study has found a significant influence of DAT genotype on the in vivo availability of dopamine transporters in human putamen. The 3Ј VNTR polymorphism of the human dopamine transporter gene, SLC6A3, is located in a 3Ј untranslated region of the gene (Vandenbergh et al. 1992) . While this polymor- Figure 1 . Significant reduction in dopamine transporter (DAT) availability in putamen among 9-repeat/10-repeat heterozygous individuals (N ϭ 10) compared to 10-repeat homozygous individuals (N ϭ 15) of the 3Ј VNTR polymorphism of the DAT gene (SLC6A3) (t ϭ 2.14, df ϭ 23, p Ͻ .043). Open symbols indicate controls (N ϭ 11) and filled symbols indicate abstinent alcoholics (N ϭ 14).
phism is not associated with an amino acid variation, the 3Ј untranslated region can effect mRNA transcription and the corresponding segment of the mRNA molecule can effect mRNA stability as well as translational efficiency. The observation of genotype-dependent differences in the availability of dopamine transporters as measured in vivo by brain imaging implicates an effect of this polymorphism, (or a functional polymorphism to which it is linked), on the molecular mechanisms that account for availability of the DAT protein. The finding also suggests that the mechanism of the 3Ј VNTR polymorphism associations to behavior, including clinical aspects of alcohol withdrawal (Sander et al. 1997; Schmidt et al. 1998 ) and symptoms of ADHD (Cook et al. 1995; Waldman et al. 1998) , could be altered abundance of the DAT protein in brain.
While we cannot explain the possibly stronger relationship of this polymorphism to DAT availability in putamen than in caudate, regional and cellular differences in DAT expression might differentially impact the molecular effects of this polymorphism. Another implication of the finding is that nonsystematic variations in the frequency of DAT genotype in clinical populations might be mistaken for true group differences in studies of dopamine transporter availability, especially if small subgroups of patients are assessed.
Although these results are clearly preliminary, in view of the relatively small number of subjects examined, the data may have implications for understanding the clinical associations with the DAT genetic polymorphism that have been reported. Each of the associations represents clinical phenomena that have been imputed to variations in synaptic dopamine. The availability of striatal dopamine transporters seems to regulate extracellular dopamine concentrations in vivo (Caron 1996; Heinz et al. 1999) .
Among alcoholics, dopaminergic dysfunction during detoxification has been associated with severity of withdrawal (Heinz et al. 1996b ). An increased risk for delirium and seizures during withdrawal has been observed in alcoholics who carry the 9-repeat allele of the DAT gene (Sander et al. 1997; Schmidt et al. 1998 ). Thus, a reduction in dopamine transporter availability among alcoholics with the 9-10 genotype may be of special relevance during withdrawal, when rapid shifts in presynaptic dopamine release occur (Rossetti et al. 1992; Schulteis and Koob 1994) . Under such conditions, decreased abundance of the transporter protein might result in decreased clearance of synaptic dopamine. Similarly, decreased abundance of DAT protein may underlie the association observed by Gelernter et al. (1994) between 9-repeat allele carriers and cocaine-induced paranoia: a less effective clearance of synaptic dopamine may render individuals with this genotype more sensitive to drug-induced dopamine surges. A similar argument may explain recent associations of more subtle aspects of behavior to this polymorphism. Sabol et al. (1999) found that the 9-repeat allele is associated with both relatively low novelty seeking personality scores and successful smoking cessation. Both characteristics could conceivably reflect a relatively greater baseline "set point" of synaptic dopamine (explained by reduced DAT protein), and thus less "craving" for experiences that increase synaptic dopamine, such as the stress of thrills and the surge of dopamine associated with nicotine use. A diminished availability of DAT protein in the 9-repeat allele carriers may lead to these individuals being less likely to pursue putatively dopamine-stimulating behaviors like novelty seeking and smoking; presumably, under unstimulated conditions synaptic dopamine would be more abundant and persist longer in these people. Given the hypothetical role of dopaminergic dysfunction in alcoholism (Cloninger 1987; Wise 1988; Robinson and Berridge 1993) , as well as in other forms of drug abuse and addiction (Koob 1996) , further in vivo studies on dopamine transporter availability and genotype seem warranted.
Finally, an influence of genotype on DAT availability in vivo also may explain the relationship of this polymorphism to the severity of attention deficit hyperactivity disorder, as the 10-repeat allele is believed to be the high risk allele in this condition (Cook et al. 1995; Waldman et al. 1998) . While the neurobiology of ADHD is obscure, and animal models have generally focused on augmented DA activity (Faraone and Biederman 1998) , the most reliable clinical treatments are drugs that block the DAT. This drug effect would conceivably be more apparent in 10-10 homozygous individuals in whom DAT protein appears to be more abundant. In fact, in the study of Waldman et al. (1998) , genotype was most strongly associated with hyperactivity-impulsivity symptoms, which tend to be the symptoms most reliably improved with DAT blocking drugs (Zametkin and Ernst 1999) . In view of the present results, future brain-imaging studies that measure DAT availability in clinical populations probably should assess DAT genotype as an additional control measure.
